To evaluate the dose-related benefit of angiotensinconverting enzyme (ACE) inhibitor therapy among older adults with heart failure and to evaluate whether low-dose ACE inhibitor therapy is better than none.
A ngiotensin-converting enzyme (ACE) inhibitor therapy is recommended as first-line therapy for the management of all patients with heart failure due to left ventricular systolic dysfunction unless they have a contraindication. 1, 2 The major trials demonstrating the benefit of ACE inhibitor therapy in heart failure 3-5 required upward titration of the ACE inhibitor therapy dose. Based on the intent of these randomized controlled trials (RCTs), heart failure guidelines 1, 6 suggest that ACE inhibitor therapy should be titrated upward. Few trials [7] [8] [9] [10] have studied the dose-related benefit of an ACE inhibitor. Two of these studies found a nonsignificant trend toward increased survival, one with high-dose lisinopril 7 and the other with high-dose captopril therapy. 10 The other two trials found no doserelated benefit. No study has evaluated whether low-dose ACE inhibitor therapy is better than none. The vast majority of older adults receive ACE inhibitor therapy at doses lower than were suggested in clinical trials [11] [12] [13] likely because of a reluctance to try higher doses or because the higher doses were not tolerated. Generally, ACE inhibitor-related adverse drug events are managed by decreasing the dose or discontinuing the therapy. 7 It is important to determine whether low-dose ACE inhibitor therapy is beneficial, and the relative benefits of highrelative to lower-dose therapy in routine clinical practice.
We assessed the dose-related benefits associated with use of ACE inhibitor therapies in a large population-based cohort of all older patients surviving a new heart failure hospitalization in Ontario, Canada.
METHODS

Sources of Data
The Canadian Institute for Health Information (CIHI) database collects and collates information on all acute care hospital discharges (discharges, transfers, or deaths) in Ontario. Records for patients 66 years and older who were discharged alive after their first heart failure hospital admission were linked by encrypted patient identifiers to the Registered Persons Database (RPDB) to obtain demographic and survival information outside the hospital setting, and to the Ontario Drug Benefit Plan (ODB) database to track their use of ACE inhibitor therapy as well as use of other drug therapies. The ODB provides comprehensive drug coverage to older adults in the province of Ontario and provides information about the individual drug therapy and the strength dispensed. Additional information about the patients' characteristics and medical history were obtained using the CIHI, ODB, as well as Ontario Health Insurance Plan (OHIP) databases. The OHIP database contains records for all physician services billed in Ontario. These databases have been used to successfully study cardiovascular disease in a series of studies.
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Study Cohort
Between January 1, 1998, and December 31, 1999, we identified 18,655 patients over the age of 66 who survived 45 days after discharge from an Ontario hospital following their first admission (no heart failure admission in the previous 3 years) with a primary diagnosis of heart failure (International Classification of Diseases, Ninth Revision [ICD-9] code 428). This code has been found to have an 88% positive predictive value for heart failure. 21 The 45-day time point was chosen to identify patients who were likely stable outpatients. This approach is consistent with that taken in randomized control trials. Patients were excluded if they had an acute myocardial infarction on the same admission ( n = 843 patients), were discharged to a chronic care hospital ( n = 432 patients), had a length of stay of over 100 days (46 patients), or if we were unable to identify drug-related information ( n = 1). In addition, we excluded the 794 patients dispensed angiotensin receptor blockers during the follow-up period, as this therapy has a similar indication as ACE inhibitor therapy. Our final cohort included 16,539 older adults.
Angiotensin-converting Enzyme Inhibitor Use and Dose Classification
Our cohort was classified into nonusers of ACE inhibitor therapy and those who were being dispensed the therapy at the index date (45 days following their heart failure discharge). Most (83%) of the group of older adults received their first outpatient ACE inhibitor therapy claim by this date. The ODB contains 3 fields relevant to dose calculation: the DIN (drug identification number), the quantity, and an estimate of the number of days supplied with the prescription. The DIN was linked to a drug list database containing details about each drug, including the strength of the active ingredient. The ACE inhibitor therapy dosages were calculated based on the drug strength and the number of days supplied. The daily dose, therefore, was estimated by dividing the dosage dispensed by the days supplied. For example, a patient dispensed 30 days' supply of 10-mg tablets of enalapril and given 60 tablets would receive 600 mg of enalapril to be distributed over 30 days, or 20 mg /day. Based on the information included in Table 1 , we classified this as a high-dose.
ACE inhibitor therapy dose was classified into 4 mutually exclusive groups: nonusers, and those dispensed low-(25% or less of trial dose), medium-(25% to 99% of trial dose), or high-dose (trial dose or higher) using the approach described by Barron et al. 22 where the doses are a percentage of the targeted dose (Table 1) . For example, for enalapril, where the high dose was 20 mg per day, lowdose therapy would be a dose of 5 mg or less per day. ACE inhibitor doses were calculated for both the initial dose (first dose dispensed) and the final dose (last dose dispensed at end of 1-year follow-up). The high-dose level of the ACE inhibitor therapy was determined using 3 sources. The target doses for captopril, enalapril, lisinopril, and quinapril were identified using the ACE inhibitor target doses recommended by the Agency for Healthcare Research and Quality (AHRQ) for the management of heart failure. 23 These doses were consistent with those recommended in the captopril, 5 and enalapril, 3 in trials. The target trial dose for lisinopril recommended by the AHRQ guidelines (20 mg) is lower than the target dose of 32.5 mg published in a more recent trial. 7 This trial was published in December 1999 (end of our study period) and would not have influenced the prescribing patterns in our data. Irrespective, we repeated our analyses using lisinopril at the low dose of 5 mg or less and the high dose of 32.5 mg evaluated in this trial. 7 High doses for benazepril, cilazapril, fosinopril, perindopril, and ramipril were determined based on the highest listed dose in the usual maintenance dosage 
Change of ACE Inhibitor Therapy Dose
We identified all patients who changed from their initial ACE inhibitor therapy dose assignment during the 1-year follow-up. Specifically, we identified patients who had their ACE inhibitor therapy titrated from one dose category to another (e.g., initiated on low-dose therapy and increased to medium-or a high-dose category). As well, we identified those who were initiated on ACE inhibitor therapy after the index date or had their therapy discontinued. To identify cessation of drug therapy, we identified all older adults who failed to obtain a new ACE inhibitor drug therapy claim at the time that they were 20% over the amount of days of therapy provided using the "days supplied" variable of the pharmacy claims database. For example, if an older adult was dispensed a drug therapy for 60 days, and the drug was not dispensed again at day 60, they were allowed a 20% grace period on the previous days' supply to refill the next prescription. If they did not refill their prescription for the study drug within this subsequent time window, they were deemed to have discontinued the drug.
Older adults were identified as having a dose reduction within any dose category if their initial ACE inhibitor therapy dose decreased by 50% or more. For example, if a patient was initially dispensed a low dose of enalapril therapy (5 mg) and their final dispensed dose was 2.5 mg, they would be classified as having a dose reduction.
Potential Contraindications to ACE Inhibitor Therapy
Potential contraindications to ACE inhibitor therapy were prespecified using a definition similar to that provided in guidelines for the management of heart failure 6 and identified using claims from the 365 days prior to the hospital admission. CIHI discharge abstracts were reviewed to identify hospitalizations with a diagnosis (primary or other) of angioneurotic edema (ICD-9 995.1), hyperkalemia (ICD-9 276.7), hypotension (ICD-9 458), or renal impairment (ICD-9 codes 580-583, 584.6-584.9, 585-588, 589.1, 589.9, 590.0, 591, 593.7, and 593.8). Hyperkalemia was additionally identified by searching the ODB database for claims for potassium-removing resins, used for the management of hyperkalemia. Renal impairment was also identified by searching the OHIP database for related diagnostic codes (403, 446, 580, 581, 584, 585, 590, 591, 593, 753).
Heart Failure Severity
We used US national consensus recommendations for the management of chronic heart failure 6 guidelines to identify use of other drugs recommended for the treatment of heart failure (i.e., beta-blockers, digoxin, isosorbide dinitrate with hydralazine, loop, or other diuretics). Patients requiring multiple drug therapies recommended for the treatment of heart failure likely had more severe heart failure. We identified patients' use of these drugs in the ODB database, based on the 45-day period between the discharge from the heart failure episode of care and the entry into the study.
Patient Characteristics
Patients were classified into 3 age groups: 66 to 74 years; 75 to 84 years; and 85 years and older. 25 Comorbidity was measured using the Charlson Index 26 adapted by Deyo 27 for computerized databases, collapsing the diagnostic information on the discharge abstracts for the index episode of care. The Charlson comorbidity scores were categorized as 0 to 1, 2, or greater than 2.
Outcomes
Benefit of ACE Inhibitor Therapy. We evaluated the relation between ACE inhibitor dose and 3 outcomes during 1 year of follow-up: mortality, the composite outcomes of mortality or rehospitalization with heart failure, and mortality or allcause rehospitalization.
Statistical Analyses. Descriptive and simple univariate statistics ( χ 2 for categorical and one-way ANOVA for continuous variables) were used to compare characteristics of older Ontarians in our cohort who were nonusers or were dispensed, low, medium, or high doses of ACE inhibitor therapy prior to the index date for our cohort. We used a Cox proportional-hazards model 28 to evaluate ACE inhibitor therapy and its relation to the outcomes in the 1 year following study entry. Patients who changed from one dose category to another were censored and therefore no longer followed at the time of the dose change. For example, if a patient was initially classified as a nonuser but was subsequently initiated on an ACE inhibitor therapy, the patient would be censored at the time of the ACE inhibitor therapy initiation. Similarly, if a patient was initially classified as being in a low-dose ACE inhibitor therapy group and was later increased to a high-dose category, they would be censored at the time the dose was increased. The Cochran-Armitage Trend Test 29 was used to determine whether there was a dose-related trend between increasing dose of ACE inhibitor therapy and death or the composite outcomes. The models controlled for age, gender, Charlson comorbidity scores, history of renal disease, acute myocardial infarctions, diabetes, previous use of ACE inhibitors, presence of potential contraindications to ACE inhibitor, other medications recommended for the management of heart failure (angiotensin receptor blocker [ARB], betablocker therapy, digoxin, diuretic therapy, or isosorbide dinitrate and hydralazine).
Analysis using propensity scores has been suggested as a method to control for the effects of observed covariates. 30 The analyses were repeated using a propensity score approach that compared low-dose ACE inhibitor therapy to none, and separately, high-to low-dose ACE inhibitor therapy for each of the 3 outcomes.
Among those patients dispensed ACE inhibitor therapy, we used logistic regression to evaluate initial ACE inhibitor dose dispensed (low, medium, or high) and its relation to subsequent dose reduction or cessation. Logistic regression was used because we could identify when a therapy was not renewed but we could not identify the exact date when the therapy was stopped.
We conducted two sensitivity analyses to further explore the association between ACE inhibitor dose and the survival-related outcomes. First, we repeated our analyses using an intention-to-treat approach. At the index date of our cohort, patients were assigned to 1 of our 4 drug categories and patients were not censored if they changed to a different category. Next, we repeated the analyses using a time-dependent approach where patients who changed from one drug category to another were reassigned (rather than being censored) to the new drug category until the end of the follow-up period. Table 2 describes the cohort. Of the 16,539 heart failure 45-day survivors, the mean ( ± standard deviation) age of the group was 79.1 ± 7.4 years. The majority (8, 854 ; 53.5%) were women. Many patients were frail, with 1,476 (8.9%) having Charlson comorbidity scores > 2. During the 1-year follow-up period 4,186 (25.3%) died, 6,179 (37.4%) either died or were rehospitalized with heart failure, and 10,092 (61.0%) either died or had a hospitalization for any cause. Almost a quarter (3,502; 21.2%) of the older adults had a previous history of hyperkalemia, hypotension, or renal impairment.
RESULTS
Characteristics of the Cohort
Overall, 10,793 (65.3%) patients were taking an ACE inhibitor therapy at 45 days following their heart failure hospitalization. Of these, 4,582 (42.5%) were dispensed enalapril, 1,998 (18.5%) lisinopril, and 1,641 (15.2%) ramipril. As expected, many patients (3,935; 36.5%) were given a low dose of ACE inhibitor therapy. Among the 3,935 patients dispensed low-dose therapy, only 349 (8.9%) were titrated to a high dose. Among the 4,316 patients dispensed medium-dose therapy, 830 (19.2%) were titrated to a high dose. Of those dispensed the high-dose therapy, 79.8% remained on the high-dose therapy. At the end of 1 year, the vast majority of users (9,176; 85.0%) were dispensed doses lower than those targeted in trials.
Survival and Composite Outcomes
Dispensing of ACE inhibitor therapy was associated with improved survival. Table 2 describes crude mortality at 1 year by the dose of ACE inhibitor therapy dispensed (nonuser or low-, medium-, or high-dose). Changing the low-and high-dose classification for lisinopril did not change our results. Multivariate adjusted models suggest that relative to dispensing of low-dose ACE inhibitor therapy, not being dispensed ACE inhibitor therapy was associated with a significant increase in mortality, dispensing of medium-dose therapy provided a similar mortality benefit, and dispensing of high-dose therapy was associated with a significantly improved survival benefit (Table 3) . Dispensing of ACE inhibitor therapy was also beneficial with regard to the composite outcome of 1-year mortality or heart failure rehospitalization (Table 3 ). Relative to dispensing of low-dose ACE inhibitor therapy, not being dispensed ACE inhibitor therapy was associated with a significantly greater risk of death or a heart failure rehospitalization, dispensing medium-dose provided similar benefit, and dispensing high-dose conferred a significant benefit. Dispensing of higher doses of ACE inhibitor therapy was beneficial with regard to the composite outcome of 1-year mortality or all cause hospitalization (Table 3 ). Relative to dispensing of low-dose ACE inhibitor therapy, nonusers were at a similar risk for 1-year mortality or heart failure rehospitalization, dispensing medium-dose provided some benefit, and dispensing of high-dose therapy was associated with a significant reduction in mortality or all-cause hospitalization.
Using the Cochran-Armitage Trend Test, 29 we found a dose-related association of ACE inhibitor therapy prescription and subsequent death with the composite outcomes of death or heart failure rehospitalization, and death or all-cause hospitalization (all P < .001).
The analyses reported in this paper used the traditional risk adjustment approach. Analyses using propensity scores produced very similar results (details of the analysis available upon request). Table 4 outlines the results of the two sensitivity analyses we conducted to further explore the association between ACE inhibitor dose and the survival-related outcomes. Our results continued to show an association between the use of ACE inhibitor therapy and improved outcomes. 
Decreasing Dose or Stopping Therapy
We explored the association between the dose of ACE inhibitor therapy dispensed during the 45 days following discharge and the subsequent dose reduction (50% or more) during the follow-up as outlined in Table 5 . Using logistic regression and controlling for all the covariates used in the outcomes analysis, we found that, relative to those dispensed low-dose ACE inhibitor therapy, those dispensed medium-dose therapy (odds ratio [OR], 1.57; confidence interval [CI], 1.39 to 1.77) or a high-dose therapy (OR, 2.36; CI, 2.07 to 2.69) were significantly more likely to have their dose reduced by 50% or more.
DISCUSSION
Our study demonstrates that in clinical practice few older heart failure patients receive high-dose ACE inhibitor therapy, but those who do have an improved survival benefit compared to those on low-dose therapy. Our findings of a dose-related survival benefit may encourage physicians to slowly titrate up the ACE inhibitor dose as tolerated. The major trials [3] [4] [5] that evaluated the benefit of ACE inhibitor therapy in heart failure had protocols that required that patients have their doses titrated upward to the target dose of the trial. Guidelines for the management of heart failure consistently recommend that, where possible, the dose of ACE inhibitor therapy be titrated to the high dose tolerated in the trials. Despite this imperative, no study has demonstrated the survival benefit of high-relative to low-dose ACE inhibitor therapy. Packer et al. 7 explored the doserelated benefit of the ACE inhibitor lisinopril in a group of relatively young older adults (mean age 64) who were predominately men (80%). In this trial, 3,164 patients were randomly assigned to receive either low (mean 4.5 mg) or high doses (mean 33.2 mg) of lisinopril. Relative to those in the low-dose group, older adults dispensed high-dose therapy had a trend (non-statistically significant) toward a survival benefit. Adults in our cohort are on average more than 10 years older than those in the lisinopril trial and the majority are women. Accordingly, our study is among the first to provide a measure of the effectiveness of increasing doses of ACE inhibitor therapy, as our data were obtained from older adults with heart failure living in the community. These individuals are likely much more representative of people with heart failure in clinical practice than are subjects selected for inclusion in clinical trials evaluating drug therapy for the management of heart failure. We demonstrated a mortality reduction of more than 20% for older adults dispensed high-dose ACE inhibitor therapy relative to those dispensed the low-dose therapy. This survival benefit persisted for the combined outcomes. Our results are in keeping with the results of the CON-SENSUS Trial Study Group, 4 one of the key trials to demonstrate the benefit of ACE inhibitor therapy in heart failure. Patients enrolled in this study had severe heart failure and were dispensed high-dose enalapril (up to 40 mg per day). Relative to those dispensed placebo, those dispensed ACE inhibitor therapy had a 31% mortality reduction at 1 year. By comparison, the unadjusted reduction in mortality for older adults with heart failure dispensed high-dose ACE inhibitor therapy in our study population was 26%. This suggests that our results are consistent with those reported in previous trials. Our study suggests that low-dose ACE inhibitor therapy does provide a survival benefit to older patients compared to not receiving any ACE inhibitor therapy. Packer et al. 7 in their evaluation of the dose-related benefit of lisinopril did not include a placebo group and therefore could not compare survival among those randomized to low-dose lisinopril therapy to those who were not treated. There is biological evidence to support our finding of the benefit of low-dose therapy. Lisinopril in the low-dose range (2.5 to 5 mg) has favorable hemodynamic effects. Uretsky et al. 31 evaluated 55 patients with heart failure and found that lisinopril at doses of 2.5, 5, and 10 mg produced changes in a range of cardiovascular measures (increase in cardiac index, reduction in pulmonary capillary wedge, right atrial, pulmonary arterial and systemic arterial pressure, and systemic vascular resistance). Further, these changes were dose related. The finding of the benefit of low-dose ACE inhibitor therapy is important for two reasons. First, higher doses of ACE inhibitor therapy may not be tolerated by many older adults. Our findings may encourage physicians to maintain their patients on the low-dose therapy when it may otherwise be discontinued. Second, some adults with heart failure and without obvious contraindications to ACE inhibitor therapy are not being treated. Our findings may encourage physicians to initiate ACE inhibitor therapy at low doses to these patients and to titrate upward as tolerated.
Our findings also demonstrate that patients initiated on high-dose therapy were twice as likely to have their subsequent dose reduced relative to those initiated on a low dose of ACE inhibitor therapy. This finding is consistent with trial evidence. In the lisinopril trial, 7 participants were evaluated in a prerandomization period and those that could not tolerate at least a medium-level dose of lisinopril were excluded. Even among patients who successfully passed the screening process, close to 10% of the enrolled subjects could not be titrated to the target dose of lisinopril. Finding the right balance between benefit and tolerability of the therapy is particularly important when prescribing for frail older people who are particularly vulnerable to the development of a dose-related adverse event.
Limitations
Our study has important limitations. Ideally, one would develop a series of RCTs to evaluate the drug-specific and dose-related benefit associated with the use of ACE inhibitor. However, the large sample size required, the increased cost associated with including frailer individuals in trials, and the difficulty of having frailer individuals continue with trial protocols make this approach an unlikely option for obtaining comprehensive information about older heart failure patients in the near future. Using our database, we explored dose-related drug benefit in older adults in Ontario, not just those traditionally recruited into an RCT.
Our study is observational and relies on administrative data. Accordingly, there may have been residual confounding by indication. We have taken a number of steps to control for confounding. We used statistical techniques to control for key variables that might be related to selection bias. These factors included age, gender, comorbidity, and the use of additional drug therapies recommended for heart failure. We do not have access to clinical data such as ejection fraction or the New York Heart Association class to include in our model. We repeated our analyses using propensity score analysis and found that our results remained consistent. Examination of the propensity score quintiles indicated that the measured covariates were balanced within the quintiles.
We estimated the dose dispensed based on the defined daily dose information provided in our database. As with all trial designs, we do not actually know the adherence to the recommended therapy. We did not report ACE inhibitor dose-related adverse events severe enough to require hospitalization. These are likely infrequent. We did report decreasing of the ACE inhibitor dose or the discontinuation of therapy, which are likely markers for adverse events.
Conclusions
We demonstrated a dose-related benefit of ACE inhibitor therapy associated with improved survival and the reduction of heart failure and all-cause rehospitalization in older adults. Our findings suggest that when possible, older adults should be titrated to the higher doses of ACE inhibitor therapy evaluated in clinical trials. If older adults cannot tolerate higher doses, then low-dose ACE inhibitor therapy is superior to none. High-dose ACE inhibitor therapy is less well tolerated than lower doses, supporting the need to start low and go slow.
